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Summary – Persistence in soil of ten isolates of three species of Heterorhabditis was monitored by baiting the soil with insects and
recording their mortality. Infective juveniles (IJ) of the same ten isolates were also incubated in tap water and their survival recorded.
Both tests were conducted in the laboratory at 20±C. Inter- and intraspecic differences in persistencewere detected:H. bacteriophora
HI was the most persistent isolate in both media. There was no clear division between H. megidis (North West European Group) and
H. downesi, but isolates of H. downesi tended to be less persistent than those of H. megidis. Nematodes persisted longer in soil than in
water: after 180 days in water, all IJ were dead in seven of the ten isolates, whereas all isolates still killed insects after 265 days in soil.
Persistence of isolates in soil (indicated by LT50, the time that nematode-infestedsoil retained the ability to kill 50% of the bait insects)
was correlated with their survival in water (represented by ST50, the time at which 50% of the IJ were still alive), with r2 D 0:84,
indicating that similar factors were responsible for the reduction in each parameter.
Keywords – entomopathogenicnematode, H. bacteriophora, H. downesi, H. megidis, interspecic variation, intraspecic variation.
The survival of entomopathogenic nematode infective
juveniles (IJ) varies greatly depending on the species
(Molyneux, 1985; Lewis et al., 1995; Patel et al., 1997)
and there is also evidence for intraspecic differences
(Curran, 1993; Fitters, 1999). Mortality in soil may be
either a result of directly lethal factors, such as predation
or desiccation, or due to starvation. Indirect evidence
for lethal effects of nematode antagonists is seen in the
fact that IJ survive longer in sterilised or pasteurised
than in unsterilised media (Ishibashi & Kondo, 1986a, b,
1987; Timper et al., 1991). Interspecic differences in
susceptibility to fungal pathogens (Timper et al., 1991)
and other antagonists may contribute to differences in
soil persistence. It is generally assumed that interspecic
differences in survival in soil under laboratory conditions
are related to different rates of lipid utilisation (Molyneux,
1985;Kung et al., 1991) but this has rarely been explicitly
tested.
When stored in water, IJ gradually deplete their lipid
reserves (Vänninen, 1990; Lewis et al., 1995; Fitters &
Grifn, 1996;Patel et al., 1997) and starvation is probably
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the main cause of their mortality (Fitters, 1999; Qiu &
Bedding, 2000). If starvation were also the major cause
of mortality in soil, then correlation between rates of
survival in soil and in water would be expected. The aim
of the present study was to ascertain whether survival of
IJ in water is a good predictor of their persistence in soil,
which would indicate the importance of factors such as
rate of utilisation of reserves in determining inter- and
intraspecic differences in persistence.
We used ten isolates of Heterorhabditis belonging to
three species, and recorded persistence in dry, unsterilised
soil and in tap water. The rank orders of survival of iso-
lates in the two media were compared. Persistence in soil
was not measured directly by extracting the nematodes.
Instead, the soil was baited with insects and the result-
ing bait insect mortality indicated the presence of infec-
tive nematodes. Hass (1996) showed that extraction of IJ
and soil baiting allow a similar rankingof Heterorhabditis
spp. isolates in terms of persistence in soil. Although in-
fectivity may decline faster than survival (e.g., Vänninen,
1990; Hass et al., 1999), survival cannot decline faster
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than infectivity, and thus soil baiting as a method of de-
tecting entomopathogenic nematodes may underestimate,
but not overestimate, their survival.
Materials and methods
NEMATODES
Ten isolates of Heterorhabditisof three species,H. bac-
teriophora, the North West European (NWE) type of H.
megidis and H. downesi (formerly known as Heterorhab-
ditis sp., Irish type) were used. The source and origin of
the isolates are shown in Table 1. They were cultured in
late instar larvae of Tenebrio molitor. Harvested IJ were
washed three times by sedimentation in tap water, and
were stored in tap water at 9±C for 10 days before use.
Table 1. Source and origin of the Heterorhabditis isolates used
in the experiment.
Species Isolate Origin Source
H. bacteriophora HI Italy P.R. Westerman/
W.R. Simons, from
K.V. Deseö, Italy
H. megidis UK211 South coast of W.M. Hominick
(NWE Group) England, UK
HF85 Flevoland, The P.R. Westerman/
Netherlands W.R. Simons
HB1 Brabant, The P.R. Westerman/
Netherlands W.R. Simons
HSH1 Schleswig- R.-U. Ehlers
Holstein,
Germany
H. downesi S29 Sutherland, Own collections
Scotland, UK
K122 Curracloe, Own collections
Co. Wexford,
Ireland
M208 Inchydonny, Own collections
Co. Cork,
Ireland
M245 Magilligan, Own collections
Co. Derry,
Ireland
M266 White Strand, Own collections
Co. Donegal,
Ireland
SOIL
The soil used in this experiment came from a garden
on the National University of Ireland, Maynooth campus
and had 22.5% organic matter and 33, 48 and 19% by
weight of sand, silt and clay, respectively (assessed by
the Teagasc Soil Laboratory, Johnstown Castle, Ireland).
The soil was air dried on the laboratory bench. After
inoculation with nematodes, soil moisture was 17% by
weight (pF 3.8).
PERSISTENCE OF INFECTIVITY IN SOIL
Plastic beakers (250 ml with snap-on lid; Wilscanco
Plastics Ltd, Dungannon,Co. Tyrone, Ireland) containing
120 g soil were each inoculated with 16 000 IJ, applied
in 2 ml of tap water. Controls received tap water alone.
Beakers, arranged in randomised complete blocks, were
incubated in the dark at 20±C. They were surrounded
by a row of beakers containing the same soil as the
experimental beakers to act as a buffer. Soil moisture was
corrected weekly by adding water to each experimental
beaker, as necessary, to maintain a previously determined
weight. At intervals over a period of 313 days, three
blocks were randomly chosen and the infectivity of the
soil was tested by baiting with T. molitor larvae. Prior
to baiting, the soil moisture content was adjusted to 22%
(pF 2.9) by mixing the nematode-inoculated soil with an
equal amount of uninfested soil at 27% water content. The
adjusted soil was then divided in two, and half was baited
with 40 T. molitor larvae. This divisonof the soil was done
to maintain consistency with other, similar, experiments
(Hass, 1996; Hass et al., 1999). The insects were gently
mixed into the soil and incubated for 4 days at 20±C in the
dark. Numbers of insects dead, alive and parasitised (as
evidenced by characteristic colour) were recorded 3 days
after removal from the soil.
SURVIVAL IN TAP WATER
In parallel with the above, survival of IJ in tap water
was monitored over a 180 day period. For this, 9 cm
diam. Petri dishes (replications), each containing 16 000
IJ in 25 ml of tap water, were incubated at 20±C in
the dark in a randomised complete block design. At
intervals during incubation, three blocks were randomly
chosen and numbers of nematodes, dead and alive, were
estimated from six replicate aliquots, with a minimum of
100 IJ in each aliquot. Live nematodeswere distinguished
from dead on the basis of spontaneousmovement, posture
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(not straight) and general appearance. Each block was
assessed on only one occasion.
STATISTICAL ANALYSIS
Probit analysis (Version 5, SAS Institute, Cary, NC,
USA) was used to calculate ST50 and LT50 values for sur-
vival in water and persistence of infectivity in soil, respec-
tively. ST50 is the time at which 50% of the nematodes
were still alive. LT50 is the time that nematode-infested
soil retained the ability to kill 50%of the bait insects. LT50
values were calculated using only the data for the rst 193
days, in order to be more comparablewith the 180 day in-
terval that was used for ST50 estimation. A correction for
natural mortality (Abbott, 1925) was included.
Results
SURVIVAL IN WATER
There was a steady decline in the numbers of IJ alive in
tapwater, beginning for most isolates within the rst week
of storage (Fig. 1). For seven of the ten isolates, all of
the IJ were dead by day 147. The remaining three isolates
still had some IJ surviving on day 180, the last assessment
date: 18.4% of H. bacteriophora HI, and 2-3% of both
H. downesi S29 and H. megidis UK211 remained alive at
that time. The time at which only 50% of the IJ in water
were alive (ST50) is given in Table 2. HI had the highest
ST50I at 98.8 days this was at least 46 days longer than
any other isolate and differed signicantly from all other
isolates based on the non-overlap of ducial limits (Table
2). Although H. megidis HB1 was not one of the three
isolates surviving to day 147, it had the second highest
ranking ST50 (Table 2): this reects the fact that HB1 did
not show the same initial decline in numbers as most of
the other isolates; 97% remained alive on day 21 (Fig. 1).
PERSISTENCE OF INFECTIVITY IN SOIL
For most isolates, soil infested with IJ continued to kill
insects long after the IJ in water were all dead (Fig. 1).
In soil, all ten isolates caused bait insect mortality on day
265 and ve isolates (HI, M266, S29, HB1 and HSH1)
still caused bait insect mortality on day 313, the last
assessment. Although insect mortality on day 0 ranged
from 54.2-82.5%, differences between the ten isolates
were not signicant (Kruskal Wallis, H D 16:09, P D
0:065). From day 0 to 7, infectivity of the soil increased
for all isolates, and the increase was signicant for seven
Table 2. Fifty percent survival time (ST50) in tap water at 20±C
of infective juveniles of ten Heterorhabditis isolates, ranked
according to their survival time, from 1 (shortest)to 10 (longest).
Isolate Species Rank ST50 95% ducial limits
(days)
M208 H. downesi 1 24.7 18.1-31.1
M266 H. downesi 2 26.9 20.4-33.2
M245 H. downesi 3 28.9 23.3-34.4
HF85 H. megidis 4 37.7 28.3-46.9
K122 H. downesi 5 42.8 34.6-50.8
HSH1 H. megidis 6 42.8 26.2-60.6
S29 H. downesi 7 46.4 35.2-58.3
UK211 H. megidis 8 47.2 33.5-62.1
HB1 H. megidis 9 52.8 47.0-58.5
HI H. bacteriophora 10 98.8 68.4-175.6
Table 3. Persistence in soil at 20±C of ten Heterorhabditis iso-
lates expressedas the time at which 50% of the Tenebriomolitor
larvae used to bait soil samples were parasitised (LT50). Isolates
are ranked according to their persistence, from 1 (shortest) to 10
(longest).
Isolate Species Rank LT50 95% ducial limits
(days)
M245 H. downesi 1 47.5 30.0-57.8
HF85 H. megidis 2 57.1 45.6-69.6
M208 H. downesi 3 66.6 43.5-101.2
M266 H. downesi 4 68.1 49.3-92.9
K122 H. downesi 5 86.1 64.2-120.7
UK211 H. megidis 6 105.1 70.7-186.5
HB1 H. megidis 7 106.8 80.2-148.5
HSH1 H. megidis 8 127.1 88.8-210.3
S29 H. downesi 9 145.6 77.0-649.3
HI H. bacteriophora 10 226.8 130.4-808.9
of the ten isolates (Mann-Whitney U-test, P < 0:05)
but not for three (M208, M245 and M266) of the four
H. downesi isolates.
The persistence of infectivity was summarised as the
time at which nematode-infested soil retained the ability
to kill 50% of the bait insects, or 50% lethality time
(LT50). LT50 for the ten isolates ranged from 47.5 to 226.8
days (Table 3). H. bacteriophoraHI had the highest LT50
but, because of large 95% ducial limits, it did not differ
signicantly from the next four top-ranking isolates.
The ranking order of the isolates based on the 50%
survival time in water (ST50) was broadly similar to the
ranking based on the 50% lethality time (LT50), mea-
suring persistence in soil (Tables 2, 3). In both cases,
HI ranked highest, while the four lowest ranking iso-
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Fig. 1. Survival in water and persistence in soil of ten isolates of Heterorhabditis spp. at 20±C. Survivalwas measured as percentage of
infective juveniles (IJ) alive, and persistence in soil was determined as the percentage of bait insects (Tenebrio molitor larvae) killed
during a 4-day exposure.Mean § SE. A: H. bacteriophora; B-E: H. megidis (North West European Group); F-J: H. downesi.
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Fig. 2. Correlation between survival in water and persistence in
soil for ten isolates of Heterorhabditis spp. at 20±C. Survival is
measured as the time at which 50% of the infective juveniles
remained alive (ST50), and persistence in soil as the time at
which 50% of the bait insects (Tenebrio molitor larvae) were
killed (LT50), as determined by probit analysis.
lates were H. downesi isolates M208, M266 and M245,
and H. megidis HF85. HF85 was the lowest ranking H.
megidis isolate in both soil and water. There was no clear
division between H. downesi and H. megidis: K122 and
S29 ranked relatively highly on the basis of both LT50 and
ST50 values compared to the other three H. downesi iso-
lates tested, with signicantly higher ST50 than those of
the other members of the species. There was a signicant
(P < 0:001) positive correlation between ST50 and LT50,
with r2 D 0:84 (Fig. 2).
Discussion
Mortality of nematodes in water at non-lethal tempera-
tures and with adequate oxygen is assumed to be largely
due to starvation: the depletion of stored energy reserves
(Storey, 1984; Jung, 1991; Grifn et al., 1994; Fitters,
1999; Qiu & Bedding, 2000). Although lipid levels were
not quantied in the work reported here, the IJ stored
in water became visibly lighter in appearance, becoming
transparent before dying. Fitters and Grifn (1996) stored
H. megidis under similar conditionsand measured a grad-
ual drop in reserves over 7 weeks at 20±C, after which
there was little further decline for most isolates, which
had reached starvation level. The broadly similar ranking
of the isolates by ST50 (survival in water) and LT50 (per-
sistence of infectivity) in soil suggests that similar factors,
such as starvation, are responsible for the decline in both
media under the conditions tested. Hass et al. (unpubl.)
showed that Heterorhabditis spp. isolates which utilised
their reserves faster did not persist as long as those that
utilised them at a slower rate, though the IJ apparently did
not die of starvation.This suggests that either rates of lipid
depletion directly affect mortality rates (e.g., by affecting
tolerance to abiotic stress) or that a common factor links
lipid utilisation and mortality, e.g., motility, which inu-
ences both the rate of lipid depletion and the extent of
exposure to pathogens in the soil.
Heterorhabditis IJ of at least seven of the ten isolates
tested survived longer in soil than in water. Similarly,
long-term survival of the juvenilesofMeloidogynejavani-
ca and Tylenchulus semipenetranswas greater in soil than
in water, and this was associated with a greater retention
of body contents (Van Gundy et al., 1967) suggesting a
slower utilisationof reserves. Although the soil used in the
experiment reported here was quite dry, nematode move-
ment should still have been possible. The soil had a pF of
3.8 which is below the permanent wilting point of plants
(pF 4.2). Dispersal of juveniles of Ditylenchus dipsaci oc-
curs, although it is restricted, at pF 3.87 and it stops at pF
4.35 (Blake, 1961). Heterorhabditids and steinernematids
are able to infect insect larvae at soil moisture below the
permanent wilting point of plants (Molyneux& Bedding,
1984;Koppenhöfer et al., 1995). Therefore it is likely that
the Heterorhabditis spp. IJ were still able to move at the
soil moisture level at which they were stored here (al-
though this was not tested, as the soil moisture content
was raised prior to baiting). Nevertheless, although capa-
ble of movement, the nematodes in soil may have been
less active than those in water, or may have entered quies-
cence (Ishibashi & Kondo, 1986b).
Three species of Heterorhabditis are known to occur
in Europe: H. bacteriophora, H. megidis (NWE type) and
the newly describedH. downesi (Stock et al., 2001)which
was previously known as the ‘Irish type’ of Heterorhab-
ditis sp. (Smits et al., 1991; Grifn et al., 1999). Iso-
lates of each of the three species were included in this
study. The only H. bacteriophora isolate included (HI)
survived longer than any other isolate both in water and
in dry soil. These results are in accordance with ndings
of Grifn et al. (1994) that isolates of H. bacteriophora
tended to survive better in distilledwater than did isolates
of H. downesi or the NWE group of H. megidis. No dis-
tinct line could be drawn between isolates of H. downesi
and of H. megidis either in terms of IJ survival in water or
the persistence of infectivity in soil. A trend was observed
in that most of the H. downesi isolates lost their infec-
tivity in soil quickly and also died more quickly in wa-
ter. In general, isolates of H. megidis were intermediate
in the ranking orders between H. downesi and H. bacte-
riophora. However, soil inoculatedwith H. megidis HF85
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lost the ability to kill Tenebrio more quickly than any
otherH. megidis isolate and even than H. downesi isolates.
Grifn et al. (1994) also found that HF85 survived less
well in distilled water than UK211 (the other H. megidis
isolate included in that study). The observed overlap in
performance of H. megidis and H. downesimay reect the
fact that those two species are closely related to one an-
other (Smits et al., 1991; Joyce et al., 1994;Adams et al.,
1998). However, it should also be noted that all of the iso-
lates of these two species originated in the maritime fringe
of North West Europe, while the only H. bacteriophora
isolate included was from southern Europe (Italy); thus it
is possible that the similarities between the isolates of the
former two species reect similar local ecological pres-
sures experienced by the parental populations rather than
being characteristic of either species as a whole.
It is clear that the pattern of infectivity of inoculated
soil over time was not the same for all isolates. Thus, for
example, the soil containing isolate S29 was less infective
than soil containingHF85 on the earlier assessment dates,
but retained the ability to kill a high proportion of bait
insects for longer, reected in an LT50 almost three times
higher than that of HF85. Such differences may reect
evolutionarypressures associatedwith characteristic hosts
of these isolates. Hosts that are available but difcult to
infect may select for IJ of high early infectivity, such as
shown by HF85, while hosts that are of erratic occurrence
temporally may select for energy conservation rather than
for high infectivity.
Soil infectivity increased for at least some members of
all three species within the rst week of storage. This
conrms an increase observed for heterorhabditids in
other, similar, experiments(Hass, 1996;Hass et al., 1999),
and suggests that such increases are general, under some
circumstances at least.
The soil used in the present work had been air dried
on a laboratory bench to reduce the moisture content to
a suitable level. Otherwise it was unmodied beyond the
removal of larger stone fragments. Naturally occurring ne-
matodeswere not a confoundingfactor as Heterorhabditis
has never been found in this soil (unpubl.). The soil used
might therefore be said to be natural, but of course the
conditionsof the test (small containerswithout plants and
held at a constant 20±C) isolated it from many natural in-
uences, such as those of plant roots and insect cadavers
as well as many insect populationuctuations.Despite all
these and other deviations from strictly natural soil con-
ditions, the results of this experiment show that the rela-
tively simple process of screening nematode isolates for
survival in water could be used as a step in the selection
of strains with good potential for persistence in soil.
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